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INTROOUCr lON 

Laser a b l a t i o n  F o u r i e r  t ransform mas9 spec t romet ry  (LAIFTYS) is  a technique  
which al lows t h e  i n v e s t i g a t i o n  of h igh  molecular  weight i n v o l a t i l e  m a t e r i a l s .  
Coals and cokes r e p r e s e n t  a c l a s s  of such m a t e r i a l s  and i n  g e n e r a l ,  mass s p e c t r o -  
met r ic  ana lyses  of such carbonaceous m a t e r i a l s  have g e n e r a l l y  been r e s t r i c t e d  t o  
thermal  d e s o r p t i o n  gas  chromatography-mass spectrometry.  B a t t s  and B a t t s  [ I 1  have 
r e c e n t l y  reviewed the a p p l i c a t i o n  of mass spec t romet ry  t o  c o a l  a n a l y s i s .  

The use of pulsed high power l a s e r s  i n  mass spec t romet ry  a s  a s o f t  i o n i z a t i o n  
technique i s  now w e l l  e s t a b l i s h e d  and has  f a c i l i t a t e d  the  i n v e s t - i g a t i o n  of 
macromolecular s p e c i e s  of s e v e r a l  thousand mass u n i t s  [2] .  The pulsed n a t u r e  o f  
the Four ie r  t ransform mass spec t rometer  and high powered pulsed I R  o r  UV l a s e r s  
r e p r e s e n t s  a l o g i c i l  combtnat ion f o r  l a s e r  a b l a t i o n  experiments .  This  technique  
o f f e r s  s e v e r a l  advantages [2-41, t h e  most important  of which a r e  h igh  mass 
r e s o l u t i o n  and extended mass range,  over  o t h e r  mass s p e c t r o m e t r i c  methods which 
incorpora te  t ime-of - f l igh t  o r  d e f l e c t i o n  type  a n a l y s e r s  and o t h e r  ' soFt  
i o n i z i t  ion' techniques.  

The carbon c o n t e n t  of c o a l  d i r e c t l y  r e f l e c t s  i t s  rank and l e v e l  oE 
matur i ty .  During c o a l i f i c a t i o n ,  the  t e r r e s t r i a l  o r g a n i c  mat te r  is modif ied by 
geochemical processes  t o  u l t i m a t e l y  form a n t h r a c l t i c  c o a l s .  P a r t i c u l a r l y  
s i g n i f i c a n t  is the  t r a n s i t i o n  observed a t  about  89% carbon c o n t e n t  where a romat ic  
lamel lae  i n  t h e  c o a l  begin t o  condense t o  form polycycl ic  a romat ic  compounds. 
T'lese polynuclear  s p e c i e s  a r e  important  components of  a n t h r a c i t i c  c o a l s  where they  
€arm t h e  b a s i s  f o r  the  f u r t h e r  growth of g r a p h i t e  s h e e t s .  

In t h i s  s tudy ,  we have examined by FTMS d i f f e r e n t  rank c o a l s  and model 
systems. The l a t t e r  tnc lude  g r a p h i t e  and d i f f e r e n t  r i n g  s i z e  polynuclear  a romat ic  
hydrocarbons. The i o n i z a t i o n  mechanisms and the  e f f e c t s  o f  I r r a d i a n c e  c o n d i t i o n s  
have a l s o  been examined. 

EXPERIMENT4L 

Table  1 p r e s e n t s  the  maceral composi t ions and e lementa l  a n a l y s e s  d a t a  f o r  t h e  
coa l  samples s t u d i e d .  These included two American a n t h r a c i t i c  c o a l s ,  o b t a i n e d  
from t h e  Pennsylvania  S t a t e  Univers i ty  sample bank, and an A u s t r a l i a n  semi- 
a n t h r a c i t i c  c o a l  and l i g n i t e .  The g r a p h i t e  and i n d i v i d u a l  po lynuclear  a romat ic  
compounds were obta ined  from commercial s o u r c e s ,  and were of such p u r i t y  t o  be 
used a s  received.  

The mass s p e c t r a  were obta ined  using a Bruker CMS-47 FTIICR mass spec t rometer  
equipped w i t h  a 4.7T superconduct ing magnet and a 24 b i t1256 kW Bruker ASPECT 3000 
computer. The s t a l n l e s s  s t e e l  high vacuum chamber and d i r e c t  i n s e r t i o n  probe were 
evacuated by B a i s e r s  330 lsec- '  and 50 lsec-' tu rbo  molecular  pumps, 
r e s p e c t i v e l y .  For t h e  l a s e r  a b l a t i o n  exper iments ,  t h e  samples  were f i n e l y  
powdered t o g e t h e r  wi th  N a C l  and pressed  i n t o  a d e t a c h a b l e  c y l i n d r i c a l  s t a i n l e s s  
s t e e l  s a t e l l i t e  probe t i p .  T h i s  i n  t u r n  was i n s e r t e d ,  us ing  a Bruker d i r e c t  
i n s e r t i o n  probe,  i n t o  a t i t a n i u m  s i n g l e  s e c t i o n  c y l i n d r i c a l  ( r=30 mm, h=60 mm) ICR 
c e l l .  773 



A t y p i c a l  l a s e r  a b l a t i o n  experiment  involved focuss ing  t h e  l a s e r  beam (1064 
nm, Spect ra  Phys ics  DCR-11) of a Nd-YAG l a s e r  t o  0.1 mm a t  the  sample s a t e l l i t e  
probe t i p .  The sample s u r f a c e  was s u b j e c t e d  t o  l a s e r  beam i r r a d i a n c e s  i n  the  
range of 0.005-1000 MWcm-', wi th  r e p r o d u c i b l e  i r r a d i a n c e  v a r i a t i o n s  being o b t a i n e d  
by us ing  n e u t r a l  d e n s i t y  f i l t e r s .  Two l a s e r  i r r a d i a n c e  t imes were used i n  the  
experiments ,  cor responding  t o  a long pulse  mode ( 2 3 0  p s )  and a Q-switched mode ( R  
nsec) .  Through c a r e f u l  r e g u l a t i o n  of t h e  l a s e r  i r r a d i a n c e  near  the i o n i z a t i o n  
threshold  i t  w a s  p o s s i b l e  t o  monitor the  e f f e c t  of l a s e r  i r r a d i a n c e  on the  
r e s u l t i n g  mass s p e c t r a .  A normal pulse  sequence c o n s i s t e d  of the  laser 
i r r a d i a t i o n  fo l lowed by a 1 second d e l a y ,  p r i o r  t o  d a t a  a c q u i s i t i o n  t o  a l low t h e  
desorbed n e u t r a l  s p e c i e s  t o  be evacuated and the  pressure  to  r e t u r n  to  1-10-8 
mbar. I o n s  were t rapped  i n  the  c e l l  by p o t e n t i a l s  of approximately 4V. The 
t r a n s i e n t  was s t o r e d  as  64 k d a t a  p o i n t s  p r i o r  t o  F o u r i e r  t ransformat ion  t o  o b t a i n  
a magnitude mode spectrum. For the r e s u l t s  repor ted  h e r e ,  no a t tempt  was made t o  
improve r e s o l u t i o n  of t h e  high mass carbon c l u s t e r s  by s e l e c t i n g  smaller mass 
ranges,  t o  improve the  d e n s i t y  of  d a t a  poin ts .  

RESULTS AND DISCUSSION 

Model Systems 

Figure  1 shows the  mass s p e c t r a  of two of the  polynuclear  a romat ic  
hydrocarbon compounds; chrysene  and f luoranthene .  The most abundant ions  i n  e a c h  
s p e c t r a  r e s u l t  from the molecular  i o n ,  M+' and t h e  adduct  ion  [M + XI', where X is 
Na'. This  i o n  d i s t r i b u t i o n  was found f o r  a l l  the  polynuclear  a romat ic  model 
compounds, f o r  the  l a s e r  a b l a t i o n  experiments .  This  r e s u l t  i n d i c a t e s  the 
occurrence of  a t  l e a s t  two d i f f e r e n t  i o n i z a t i o n  pathways. The presence  of adduct  
ions in t h e  mass s p e c t r a  i n d i c a t e s  a s u r f a c e  l a s e r  d e s o r p t i o n  mechanism, wi th  
at tachment  of a l k a l i  meta l  ions  t o  i n v o l e t i l e  molecules  [51 .  For example, i n  
F igure  l ( a )  t h e  adduct ion  of chrysene ,  [CI8Hl2 + Nal' (m/z 2 5 1 )  r e s u l t s  from t h e  
at tachment  of Na' to  the a romat ic  compound t o  form t h e  ion ized  s p e c i e s ,  w i t h  
subsequent  v o l a t i l i z a t i o n  by l a s e r  desorp t ion .  

In c o n t r a s t ,  t h e r e  i s  no informat ion  t o  a l low a c o n f i d e n t  p r e d i c t i o n  of t h e  
It+' molecular  ion  format ion  mechanism. 
where s imul taneous  i o n i z a t i o n  and v a p o r i z a t i o n  of the  condensed phase l e a d s  t o  t h e  
format ion  of t h e  :l+* i o n s .  
where n e u t r a l s ,  which a r e  desorbed by t h e  i n i t i a l  p a r t  of the l a s e r  pu lse ,  a r e  
i o n i s e d  by photons i n  t h e  l a t t e r  p a r t  oE the  l a s e r  p u l s e  may be occurr ing .  Yet 
another  p o s s i b i l i t y  i s  ion lmolecule  r e a c t i o n s ,  where s m a l l e r  desorbed s p e c i e s  
recombine i n  t h e  emi t ted  plasma cloud.  However, the  important  po in t  t o  n o t e  is 
t h a t  t h e r e  is  more than one i o n  format ion  mechanism p o s s i b l e  [ 6 ]  and i t  i s  
u n l i k e l y  i n  any high power l a s e r  a b l a t i o n  experiment  t h a t  a l l  ions  a r e  formed by a 
s i n g l e  i o n i z a t i o n  process .  Consider ing the u n c e r t a i n t y  concerning t h e s e  
i o n i z a t i o n  mechanisms f o r  M'. fo rmat ion ,  i t  appears  t h a t  l a s e r  d e s o r p t i o n  
i o n i z a t i o n  of i n v o l a t i l e  s u r f a c e  s p e c i e s  may only be unequivoca l ly  a s s i g n e d  from 
adduct  ions .  

It could be a l a s e r  d e s o r p t i o n  process ,  

A l t e r n a t i v e l y ,  a mult iphoton i o n i z a t i o n  mechanism 

I n t e r e s t i n g l y ,  l a s e r  a b l a t i o n  of the  g r a p h i t e  sample (F igure  ?.(a)) a t  s i m i l a r  
i r r a d i a t i o n  c o n d i t i o n s  as the  model compounds gave only  M" s p e c t r a .  
d i s t r i b u t i o n  observed f o r  t h e  carbon c l u s t e r  ions  ranged from C l l +  t o  C28+, with 
the most i n t e n s e  i o n s  a t  CIS+  and CI9+.  Laser a b l a t i o n  FTXS s t u d i e s  on  g r a p h i t e  
have been previous ly  repor ted  by M c E l v a n y s s .  [ 7 1 ,  who observed carbon c l u s t e r s  
upto C180+, w i t h  the  most s t a b l e  species being C60+. Compared with the  p r e s e n t  
s tudy ,  t h i s  e a r l i e r  i n v e s t i g a t i o n  used (1) a d i f f e r e n t  ins t rument  c o n f i g u r a t i o n ,  
(2)  d i E f e r e n t  i r r a d t a t i o n  c o n d i t i o n s ,  and ( 3 )  e j e c t e d  a l l  s p e c i e s  below C18+ t o  
enhance the  r e s o l u t i o n  of the  h i g h e r  molecular  weight carbon c l u s t e r s .  It has 
a l s o  r e c e n t l y  been repor ted  t h a t  C60+ is remarkably s t a b l e  and i s ,  i n  f a c t ,  a 
s p h e r i c a l  a romat ic  molecule  w i t h  a t r u n c a t e d  icosahedron ( s o c c e r  b a l l )  
s t r u c t u r e .  Indeed,  carbon c l u s t e r s  have been proposed a s  being important  a s  
n u c l e a t i o n  agents  f o r  s o o t  format ion  and being present  i n  i n t e r s t e l l a r  d u s t  c l o u d s  

The mass 
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The absence o f  [M + Nal' adduct  ions  i n  the  mass spec t rum means t h a t  i t  is 
d i f f i c u l t  t o  de te rmine ,  unequivoca l ly ,  whether t h e  carbon c l u s t e r  i o n s  a r e  formed 
from s u r f a c e  s p e c i e s  by s imple  v o l a t i l i z a t i o n  and p h o t o d i s s o c i a t i o n  ( i . e .  a l a s e r  
d e s o r p t i o n  p r o c e s s )  o r  a r e  formed i n  the  g a s  phase by the  o t h e r  i o n i z a t i o n  
mechanisms, t h e  l a t t e r  of t h e s e  be ing  more l i k e l y  [71. It is a l s o  p o s s i b l e  i n  
l a s e r  d e s o r p t i o n  exper iments  t h a t  t h e  adduct ions  a r e  not  observed ,  a s  v e r y  l a r g e  
a romat ic  s p e c i e s  may n o t  n e c e s s a r i l y  form s t a b l e  adducts  w i t h  Na'. 

Negative ion  carbon c l u s t e r s  have a l s o  been observed €or t h e  g r a p h i t e  sample 
(F igure  2 ( b ) ) ,  w i t h  the  l a r g e s t  c l u s t e r  be ing  a t  C Z 5  (m/z 300). The d e t e c t i o n  oE 
negat ive  i o n s  is  e a s i l y  performed i n  the  FMS by r e v e r s i n g  t h e  p o l a r i t y  o f  t h e  
t rapping  p l a t e  p o t e n t i a l s .  The n e g a t i v e  i o n  carbon c l u s t e r  d i s t r i b u t i o n  does n o t  
resemble t h a t  of t h e  c a t i o n s .  Only s m a l l e r  carbon c l u s t e r  a n i o n s  a r e  s t a b l e .  The 
d i f f e r e n c e  between the  an ion  and c a t i o n  c l u s t e r s  can be a t t r i b u t e d  t o  a d i f f e r e n t  
mechanism of formation. The e m i t t e d  plasma c loud  i s  made up oE i o n s ,  n e u t r a l s  and 
e l e c t r o n s ,  and e l e c t r o n  a t tachment  is be l ieved  t o  be t h e  mechanism oE format ion  
l o r  t h e  a n i o n i c  c l u s t e r s .  I t  i s  r e p o r t e d  t h a t  t h e s e  carbon c l u s t e r  a n i o n s  do  n o t  
undergo r e a c t i o n  wi th  n e u t r a l  carbon s p e c i e s  i n  t h e  plasma t o  Eorm l a r g e r  carbon 
c l u s t e r s  (>C,,) [71. 

Coals - 
Laser a b l a t i o n  of a l l  the  a n t h r a c i t i c  c o a l s  on ly  g e n e r a t e d  charged carbon 

c l u s t e r s .  There was no ev idence  o l  adduct i o n  format ion  Ln t h e  mass s p e c t r a ,  even 
when the samples were h e a v i l y  doped ( i . e .  2 0 : l )  w i t h  a l k a l i  meta l  s a l t s .  F i g u r e  
3(a&b) shows the mass d i s t r i b u t i o n s  €or  t h e  c a t i o n i c  (C,+ where 3<n <150) and 
a n i o n i c  (C where 2<n <25) carbon c l u s t e r s  from t h e  A u s t r a l i a n  a n t h r a c i t i c  c o a l .  
The mass d P s t r i b u t i o n s  a r e  t y p i c a l  of those  a l s o  observed f o r  t h e  two American 
a n t h r a c i t i c  c o a l s .  In a l l  c a s e s ,  the  most i n t e n s e  and s t a b l e  c a t i o n i c  carbon 
c l u s t e r  was C60+, and t h e  mass d i s t r i b u t i o n s  were s i m i l a r  t o  t h o s e  p r e v i o u s l y  
repor ted  f o r  g r a p h i t e  171. 

I t  is  a l s o  e v i d e n t  from f i g u r e  3 ( a )  t h a t  t h e  even numbered c l u s t e r s  have 
g r e a t e s t  s t a b i l i t y ,  and Smalley e t  a l .  [9] have proposed a l i k e l y  format ion  
mechanism t o  account  l o r  t h i s  phenomenon. Formation o f  t h e  h i g h  even mass carbon 
c l u s t e r  c a t i o n s  has  been a t t r i b u t e d  t o  ion /molecule  r e a c t i o n s  t h a t  occur  i n  t h e  
l a s e r  desorbed plasma. Highly r e a c t i v e  carbon r a d i c a l s  ranging  i n  s i z e  from one  
t o  twenty atoms a r e  i n i t i a l l y  desorbed from t h e  sample. These then  r e a c t  w i t h  
each  o t h e r  t o  form t h e  l a r g e r  more s t a b l e  even numbered c l u s t e r s .  

The mass d i s t r i b u t i o n  of the  a n i o n i c  carbon c l u s t e r s  ( F i g u r e  3 ( c ) )  i s  s i m i l a r  
t o  t h a t  observed from t h e  g r a p h i t e  sample. It would, t h e r e f o r e ,  appear  t h e  same 
mechanism a s  t h a t  proposed f o r  g r a p h i t e  [ 7 ]  a l s o  accounts  Eor t h e  low mass range 
d i s t r i b u t i o n s  from the  t h r e e  a n t h r a c i t i c  c o a l s .  

Another impor tan t  f a c t o r  which has been observed t o  i n f l u e n c e  t h e  l a s e r  
a b l a t i o n  mass s p e c t r a  i s  the  l a s e r  i r r a d i a n c e  time. 
t h e  e f E e c t  oE d i f f e r e n t  l a s e r  i r r a d i a n c e  t imes  (200 us) and 8 ns) on  t h e  mass 
d i s t r i b u t i o n s  of t h e  c a t i o n i c  and a n i o n l c  carbon c l u s t e r s ,  r e s p e c t i v e l y .  I t  is 
be l ieved  t h a t  both the  l a s e r  i r r a d i a n c e  time and t h e  molecular  s t r u c t u r e  of t h e  
sample a r e  impor tan t  i n  de te rmining  t h e  format ion  and mass d i s t r i b u t i o n  of the  
carbon c l u s t e r s  [71. This  is d r a m a t i c a l l y  shown i n  t h e  mass d i s t r i b u t i o n s  of t h e  
c a t i o n i c  carbon c l u s t e r s .  The mass d i s t r i b u t i o n  produced a t  an i r r a d i a n c e  t ime of 
200 us ( F i g u r e  3 ( d ) )  shows s p e c i e s  up t o  C150t, whi le  t h a t  produced w i t h  an 
i r r a d i a n c e  t ime of  8 n s  ( F i g u r e  3 ( b ) )  shows o n l y  a few lower mass range carbon 
c l u s t e r s .  In c o n t r a s t ,  t h e  mass d i s t r i b u t i o n s  of t h e  a n i o n i c  carbon c l u s t e r s  
( F i g u r e s  3(cCd)) show o n l y  a s m a l l  v a r i a t i o n  w i t h  d i f f e r e n t  i r r a d i a n c e  times. 

F i g u r e s  3(a&b)'  and (cbd)  show 

The mass d i s t r i b u t i o n s  from t h e  l a s e r  a b l a t i o n  exper iments  on t h e  l i g n i t e  
( F i g u r e s  4 (abb)  a r e  s i m i l a r  t o  t h o s e  from t h e  a n t h r a c i t i c  c o a l s .  Again,  t h e  most 
i n t e n s e  and s t a b l e  s p e c i e s  i n  the mass d i s t r i b u t i o n  of t h e  c a t i o n i c  carbon 
c l u s t e r s ,  which range up t o  Ct50t. is C60t. S i m i l a r l y ,  t h e  mass d i s t r i b u t i o n  oE 
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- 
t h e  a n i o n i c  carbon c l u s t e r s  a r e ,  a g a i n  also, below CZ5 . 
mechanisms which g e n e r a t e  t h e  c a t i o n i c  and a n i o n i c  carbon c l u s t e r s  from t h e  
g r a p h i t e  and the  a n t h r a c i t i c  c o a l s  a r e  t h e  same a s  those  forming i o n i c  carbon 
c l u s t e r s  from the l i g n i t e .  

Apparent ly ,  t h e  

The i r r a d i a t i o n  c o n d i t i o n s  used in our  l a s e r  a b l a t i o n  experiments  d i d  not 
produce l a r g e  ( i .e .  n > 30) carbon c l u s t e r s  from the  g r a p h i t e .  However, no 
d i f f i c u l t y  was encountered i n  g e n e r a t i n g  t h e s e  s p e c i e s  from e i t h e r  the  a n t h r a c i t i c  
c o a l s  or  l i g n i t e .  Thts  o b s e r v a t i o n  s u g g e s t s  t h a t  more enr rgy  is  requi red  t o  b r e a k  
the  h i g h l y  ordered  and s t r o n g l y  bonded covalen t  g r a p h i t e  l a t t i c e ,  than the  
s t r u c t u r a l  components and l i n k a g e s  in c o a l s .  

CONCLUStONS 

1. A s tudy  of po lynuclear  a romat ic  hydrocarbons by FTMS has shown t h e  v i a b i l i t y  
of t h e  technique  f o r  i n v e s t i g a t i n g  s u r f a c e  spec ies .  

2. C a t i o n i c  and a n i o n i c  carbon c l u s t e r s  a r e  genera ted  from a n t h r a c i t i c  c o a l s  a n d  
1 i g n i t e .  

3. Under t h e  exper imenta l  c o n d i t i o n s  u s e d  i n  t h t s  i n v e s t i g a t t o n ,  t h e  mass 
d i s t r i b u t i o n s  of the c a t i o n i c  and a n i o n i c  carbon c l u s t e r s  appear  t o  be 
independent  o f  c o a l  rank,  and s i m i l a r  t o  those prev ious ly  repor ted  f o r  
g r a p h i t e .  
The absence  of  [M+Na]+ adducts  i n  the  mass d i s t r i b u t i o n s  from the c o a l s  means 
t h a t  the  carbon c l u s t e r s  cannot  be unequivoca l ly  cons idered  a s  being desorbed  
from the  c o a l  s u r f a c e ,  h u t  more l i k e l y  a r e  formed in t h e  g a s  phase by 
a l t e r n a t e  i o n i z a t i o n  mechanisms. 

5. The format ion  and mass d i s t r i b u t i o n s  o f  the c a t i o n i c  carbon c l u s t e r s  a r e  
dependent  on t h e  l a s e r  i r r a d t a t i o n  time. 

6. The p o t e n t i a l  of FTMS f o r  s t u d y i n g  carbonaceous m a t e r i a l s ,  such a s  c o a l s  and 
g r a p h i t e ,  has been demonst ra ted .  F u r t h e r  developments i n  the  technique  s h o u l d  
provide  g r e a t e r  i n s i g h t  i n t o  t h e  s t r u c t u r e  and na ture  of these  m a t e r i a l s .  

4. 
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